Introduction
Atmospheric mineral dust can be transported over tens of thousands of kilometers away from its sources, arid and semi-arid source regions (Uno et al., 2009; Haarig et al., 2017) . More observations, especially in western and Central Asia, are needed to describe global and regional dust transport and to estimate the effect of this dust on air quality (Chin et al., 2007) , and climate, via direct and various indirect radiative effects. Extended investigations to Saharan dust close to its source regions 5 (e.g. SAMUM-1,2 (Saharan Mineral Dust Experiment), Fennec climate programm, SHADOW (Study of SaHAran Dust Over West Africa)) (Heintzenberg, 2009; Ansmann et al., 2011a; Ryder et al., 2015; Veselovskii et al., 2016) as well as regarding dust long range transport across the Atlantic ocean (e.g. SALTRACE (Saharan Aerosol Long-range Transport and AerosolCloud-Interaction Experiment)) (Weinzierl et al., 2017) have been conducted to obtain novel data to reduce uncertainties in above mentioned estimations.
Observations / Cloud-Aerosol Lidar with Orthogonal Polarization) delivers snapshot-like observations in terms of backscatter profiles at 532 nm and 1064 nm wavelength. To estimate extinction coefficients of dust, the dust lidar ratio is required as an input, which introduces considerable uncertainty (e.g. Wandinger et al., 2010; Tesche et al., 2013; Amiridis et al., 2013) . To obtain sophisticated sets of optical properties and detailed information on particle mixture and layering, long-range dust transport, multi-day coherent structures, vertical mixing between the planetary boundary layer (PBL) and lofted aerosol layers, and 5 aerosol-cloud interaction, continuous observations with ground-based Raman lidars or HSRL (High-Spectral-Resolution lidar) are needed. Up to now, only few experiments were performed to characterize the aerosol over Central Asia. Already in 1989 a Soviet-American research team conducted a joint experiment on dust in Tajikistan (Golitsyn and Gillette, 1993; Golitsyn et al., 1993a) . Coordinated ground-based, aircraft and satellite measurements took place during two dust storms on 16 and 20 September 1989. The total area occupied by the atmospheric dust during the latter dust storm was approximately 10 5 km 2
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( Smirnov et al., 1993) . The mass of dust in the air was estimated as 3.1 t (Smirnov et al., 1994) . Chemical analysis of the collected dust (Gomes and Gillette, 1993) showed a low iron content for Central Asian dust. Also, a calcareous character and high contents of soluble salts were observed (Miller-Schulze et al., 2011; Schettler et al., 2014; Groll et al., 2013; Andronova et al., 1993) . In general, however, a very high variability (Andronova et al., 1993) lead to considerably different results depending on sampling location. Analysis of quartz filter samples collected in Dushanbe showed, besides significant amounts 2008), where local dust was measured from ground to a height of 6 km during strong dust outbreaks (Tsunematsu et al., 2005) as well as lofted long-range transported dust layers at heights of 11 km (Mikami et al., 2006) . Lidar measurements along the Caspian and Aral Sea and the Lake Balkhash in Kazakhstan were performed by Dieudonné et al. (2015) . Dieudonné et al. (2015) showed that dust layers originating in the Caspian and Aral Sea region can regularly spread over wide areas of Russia and last for several days.
the future, since the trans-regionally important rivers as Amu Darya and Syr Darya are fed by glacier and snow melt water (Siegfried et al., 2012; Sorg et al., 2014) , which are feeding the desiccating Aral Sea, which now became itself a strong dust source (Xi and Sokolik, 2016) . On the other hand, deposited dust and anthropogenic black carbon themselves can accelerate glacier melt by altering the glacier's surface albedo (Gabbi et al., 2015; Schmale et al., 2017) . In addition, the field experiment is accompanied by 3-D regional modeling with the regional dust model COSMO-MUSCAT (Wolke et al., 2012; Heinold et al., 2011) and the aerosol-climate model ECHAM-HAM Heinold et al., 2016) . The modeling provides a perspective on the sources, transport, as well as the direct radiative effects of measured mineral dust and associated atmospheric feedbacks. Furthermore, ground-based in situ aerosol measurements were conducted during
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CADEX to investigate the relationship between the settling of mineral dust along the margin of the Central Asian mountains and the dust transport at high tropospheric levels recorded by lidar. Collection of aerosol (March 2015 to April 2016) was carried out on quartz fiber filters (MK 360, MUNKTELL) using a high-volume filter sampler (DHA-80, DIGITEL) with an inlet for PM 10 (particulate matter with a maximum diameter of 10 µm). Chemical analysis of the collected aerosol was performed with the techniques described in Fomba et al. (2014) . The particle number size distribution was measured with a laser particle 20 counter (GRIMM EDM 180) (Schettler et al., 2014) . Dust dry deposition was collected (9 days in August 2016) by means of a flat plate type passive particle collector (Ott and Peters, 2008) . Collected particles were subject to electron microscopy single particle analysis (Kandler et al., 2009 (Kandler et al., , 2011 , yielding information on particle size distribution, chemical and mineralogical composition as well as mixing state for coarse mode particles with diameter between 0.7 µm and 60 µm. The additional model and in situ observational data, however, need further analysis and evaluation and will be used in a a follow-up study.
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Lidar system
The lidar operated in Dushanbe is a multiwavelength polarization/Raman lidar Polly XT (POrtabLe Lidar sYstem Polly XT , XT stands for extended version, Althausen et al. (2009) ) and belongs to PollyNET, a network of permanent or temporary Polly systems (Baars et al., 2016) . This specific Polly XT was already deployed in numerous field campaigns in the past (e.g. Baars et al., 2012 Baars et al., , 2016 . For the CADEX campaign this Polly XT was upgraded with a second depolarization channel at 355 nm 30 wavelength (Engelmann et al., 2016) . All Polly XT systems contain a laser system that emits light at 355 nm, 532 nm, and 1064 nm wavelength by means of frequency doubling and tripling. The receiver of the used system has eight channels and measures the backscattered light at all three emitted wavelengths. The channels at 387 nm, 607 nm, and 407 nm wavelength allow to detect Raman scattering at night time. Another two channels detect cross-polarized light at 355 nm and 532 nm wavelength. Three times a day, the system performs an automatic ∆90
• -depolarization-calibration (Freudenthaler et al., 2009; Freudenthaler, 2016) . Figure 2b shows a sketch of the optical layout of the used system. Signals are sampled with a vertical resolution of 7.5 m and are stored with a temporal resolution of 30 s. Full overlap is reached at about 1.5 km AGL (Baars et al., 2012) . The resulting products of the Polly XT are summarized in Table 1 . The corresponding uncertainties, discussed in detail in Freudenthaler et al. (2009 ), Baars et al. (2012 , 2016 and Engelmann et al. (2016) , result from uncertain input 5 parameters and signal noise and are given as error bars in the results section. The polarization lidar photometer networking method (POLIPHON, (Ansmann et al., 2011b ) is applied to separate dust and non-dust optical and related microphysical
properties. This separation is performed with respect to the particle backscatter coefficient (Tesche et al., 2009a; Groß et al., 2011; Mamouri and Ansmann, 2014 ) using the measured total particle linear depolarization ratio at 532 nm wavelength as well as typical particle linear depolarization ratio values (Tesche et al., 2009a; Müller et al., 2007) for dust (0.31) and non-10 dust (0.05). For the conversion of particle extinction coefficients into particle volume concentration, conversion factors for dust (0.61·10 −6 m) and non-dust (0.41·10 −6 m) from extended AERONET data analysis from Mamouri and Ansmann (2017) are used. Together with the densities of dust (2.6 g cm −3 ) and non-dust (1.6 g cm −3 ), this allows to calculate dust mass concentration profiles using characteristic lidar ratio values of dust (40 sr) and non-dust (80 sr). 
Auxiliary data
Co-located with the lidar, a sun photometer as part of the AErosol RObotic NETwork (AERONET) (Holben et al., 1998) was operated. The Dushanbe AERONET station (http://aeronet.gsfc.nasa.gov/cgi-bin/type_one_station_opera_v2_new?site= 20 Dushanbe) is operational since 2010 (Abdullaev et al., 2012) . The CIMEL sun photometer measures at eight wavelengths (1020, 870, 675, 500, 490, 440, 380, and 340 nm) and retrieves the AOT and further column integrated particle optical and microphysical properties.
To calculate the Rayleigh contribution to the lidar signals in order to obtain particle optical properties, profiles of temperature and pressure are needed. Profiles of the GDAS (Global Data Assimilation System) with 1 • spatial resolution from the National
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Weather Service's National Centers for Environmental Prediction (NCEP) at the coordinates 39 • N, 69
• E were used (GDAS, 2017), because no radiosonde launches were performed in Tajikistan since several years.
Publicly available trajectory models were used to assess the possible source regions and transport routes of the dust. The HYSPLIT model (Hybrid Single Particle Lagrangian Integrated Trajectory Model) (Stein et al., 2015; Rolph, 2016) as well as the FLEXPART model (FLEXible PARTicle dispersion model) version 9 (Stohl et al., 2005) were run to calculate backward The model output is the common logarithm of the accumulated residence time of air masses below 3 km during the model run time (Schwarz, 2015) . This 3 km height is chosen because air is likely loaded with dust in the source regions, where planetary boundary layers of this magnitude occur. The spatial resolution of the model output is 1 • .
3 Observations strong dust events occurred 19 times (3 per year), extreme dust events 10 times (1.6 per year) and more than extreme dust events with an AOT above 2 at 500 nm wavelength occurred 4 times (0.6 per year).
Illustrative measurement examples
To illustrate the frequently observed variety and complexity of dust layers above Tajikistan, examples of dust layers of various 30 origin occurring at all heights from the surface to cirrus level are presented in Fig. 4 . Figure 4a shows the temporal development of the range-corrected signal of the 1064 nm wavelength channel from 20-24 April 2015. During these four days multiple dust layers arrived above Tajikistan. On 20 April 2015 there were aerosol layers up to 4 km height. At the same time, descending dust layers crossed the lidar station at heights of about 10 km. On 22 April 2015 a second dust layer arrived at 10 km height, which again descended. According to FLEXPART trajectories, the Arabian Peninsula, Iran, and also parts of Uzbekistan and Turkmenistan were source regions for the detected dust (Fig. 4d) . A high altitude aerosol layer was measured on 13 May 5 2015, reaching roughly from 6.5 km to 10 km altitude (Fig. 4b ). FLEXPART backtrajectory analysis shows that this high layer was long-range transported towards the measurement site from the Mediterranean/North African region (Fig. 4e) . The third scenario is a near-ground dust layer (Fig. 4c , described in detail in Sec. 3.3.2), which was measured on 8 and 9 August 2015 and had Central Asian sources (Fig. 4f ).
Case studies 10
In the following sections we discuss four strongly contrasting cases in more detail: (1) at 532 nm wavelength (Mamouri et al., 2013 (Mamouri et al., , 2016 . The mean lidar ratio is 35.7 ± 1.7 sr at 532 nm wavelength, what is comparable to measurements for Middle Eastern dust (Mamouri et al., 2013; Nisantzi et al., 2015) . The lofted dust layer has a maximum dust mass concentration of 196 µg m −3 at the bottom of the layer at 2.7 km. In the middle of the layer at 3.5 km the dust mass concentration reaches 171 µg m −3 . The integrated dust mass up to 5 km altitude is 0.51 g m −2 . The non-dust components in this layer are negligible, except in the upper parts of the layer, where the particle linear depolarization ratio partly drops below 0.31 at 532 nm wavelength. The integrated dust mass up to 4 km altitude is 3.2 g m −2 .
Case 3: 14 July 2016, most extreme dust event
The most extreme dust event during the CADEX campaign occurred on 14 July 2016. The dust persisted during the next four days (Fig. 3) . The FLEXPART trajectories arriving on 14 July 2016 (Fig. 7b) show large accumulated residence times as far 25 away as western Iran, but the highest values are in Uzbekistan. The accumulated residence times above Kazakhstan are high, but they are also reaching eastwards towards the Lake Balkhash, differently than on 8 August 2015 (Fig. 4f) . 
Discussion
Four exemplary measurement cases are described in this article. Two of them are from spring and one is from summer 2015 and one is from summer 2016. In early spring, the AOT was predominantly low (≤0.3) (Fig. 3 ) but a lot of dust layers occurred (e.g. 13 April 2015 (Case 1, Fig. 5 ), 20-24 April 2015 (Fig. 4a) . In summer, the AOT in general was higher (≥0.35) and some 20 dust events overtopped that clearly (e.g. 8-9 August 2015 (Case 2, Fig. 6 ), 14 July 2016 (Case 3, Fig. 7) ). However, a statistical analysis of the lidar profiles of the whole measurement period has yet to follow.
Dust AOT and mass concentration
The lofted dust layer in Case 1 contributed significantly to the total AOT of about 0.4 at 532 nm wavelength. Case 2 had an AOT of 1.5 at 532 nm wavelength. The most extreme dust case during the measurement campaign was Case 3 with an extraordinary
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AOT of above 3.5 at 532 nm wavelength measured by lidar, respectively above 4 by sun photometer. The AOT of Case 2 is comparable to a dust event during the Soviet-American campaign in 1989 (AOT of 1.3 at 550 nm wavelength) (Gomes and Gillette, 1993) . The most extreme dust event (Case 3) is comparable to the second dust event during the Soviet-American campaign (AOT of 3.3 at 550 nm wavelength) (Pachenko et al., 1993) . Pachenko et al. (1993) estimated the maximum AOT of that dust event a day before was greater than 10, based on horizontal visibility, which was reported to be 50-200 m (Smirnov 30 et al., 1994). As a comparison, Mamouri et al. (2016) reported a visibility of 500-600 m for an extraordinary dust event in the Mediterranean area, inferring an AOT of 4.8 to 9 depending on the layer height. This again lead to an estimate of the column dust load of 8-15 g m −2 . These values are higher than for Case 3, where the AOT was 3.89 at 532 nm wavelength, and the integrated dust mass was 6.7 g m −2 . The visibility calculated from the measured particle extinction coefficient of 1.7 km −1
(measured at 0.87 km altitude) was 2.3 km. The AOT and the dust mass concentrations for this Case 3 were calculated based on the lidar data only, but the sun photometer measured even a higher AOT of 4.45 at 500 nm wavelength. 
Dust layer height
The multiple high altitude dust layers preceding the lofted dust layer on 24 April 2015 (Fig. 4a) as well as the high aerosol layer on 13 May 2015 (Fig. 4b) reached heights of about 10 km AGL. This is higher than the highest point of the Pamir mountains (7.6 km ASL), which means that these layers can cross the Pamir or the Tienshan mountains (7.4 km ASL) and can be transported further eastwards. A similar observation was made in spring 2003 when layers of elevated depolarization 10 at 9-11 km height have been measured by lidar in Aksu (northwestern Taklamakan) (Mikami et al., 2006) . Within a week time, lidar stations in Japan measured dust at altitudes between 2 km and 6 km, without having major dust outbreaks in the The lidar ratios of the example dust cases (Cases 1,2,3) agree well with these values. There is no clear difference between the lofted dust layer (Case 1), which is long-range transported Middle Eastern dust and the near-ground fresh dust layers (Case 2,3)
from Central Asian sources. The lofted dust layer in Case 1 has a very low lidar ratio of 35.7 ± 1.7 at 532 nm wavelength, indeed comparable to the ones (33.7 ± 6.7 to 39.1 ± 5.1 sr at 532 nm) found by Mamouri et al. (2013) for dust from the Middle East. On the other hand, also the most extreme dust event (Case 3) has a lidar ratio below 40 sr at 532 nm wavelength.
Then again, slightly larger lidar ratios above 40 sr were measured in the extreme near-ground dust layer (Case 2). The lidar 5 ratios of the pollution layer (Case 4) differ significantly between the two wavelengths.
Dust particle linear depolarization ratio
The observed depolarization ratios in the presented dust cases (Cases 1,2,3 
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But it has to be considered that this station is already located at 1.9 km ASL. In Aksu (northwestern Taklamakan), Kai et al. Dunhuang (northern Taklamakan). Note that the values denoted with * are published as aerosol depolarization potentials and are converted to particle linear depolarization ratios (see Burton et al., 2014; Cairo et al., 1999; Gimmestad, 2008) .
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The measured depolarization ratios for the presented dust cases (Cases 1,2,3) are mostly higher than these literature values for dust measured in or close to Central Asia. This suggests that those studies might have described also observations of polluted/mixed dust. The range of the presented particle depolarization ratios (0.31-0.35) at 532 nm wavelength is comparable with the values of fresh Saharan dust (0.27-0.35) (Freudenthaler et al., 2009) or Middle Eastern dust (0.25-0.32) (Mamouri et al., 2016) . The spectral difference between the wavelengths is considerable. The range of the presented particle depolarization 25 ratios at 355 nm wavelength (0.18-0.29) is large, with the exceptionally high value during the most extreme dust event (Case 3).
In Saharan dust, particle depolarization ratios at 355 nm wavelength in ranges of 0.22-0.31 were measured at the source region (Freudenthaler et al., 2009 ) and 0.21-0.27 after long-range transport (Burton et al., 2015; Groß et al., 2015; Haarig et al., 2016 Haarig et al., , 2017 . The near-ground dust cases (Cases 2,3) had higher particle depolarization ratios at both wavelengths than the lofted dust layer of Case 1. Nevertheless, the lofted dust layer in Case 1 had a depolarization ratio of 0.31 at 532 nm wavelength, which
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indicates only minor changes of Middle Eastern dust depolarization characteristics during its long-range transport towards
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